OPTICAL PROBES AND METHODS FOR SPECTRAL ANALYSIS 

Reference to Related Applications 

This application is a continuation in part of U.S. Patent Application Serial No. 
09/803,131, filed March 9, 2001, U.S. Patent Application Serial No. 09/354,497, filed July 16, 
1999, and U.S. Patent Application No. 09/426,826, filed October 25, 1999. Each of the afore- 
mentioned patent applications is incorporated herein by reference in their entirety. 

Background of the Invention 

Most analytical techniques used in industry include taking samples to the laboratory to be 
analyzed by time consuming procedures. For use in the field, e.g., on-site analysis, spectral 
analyzers have been gaining favor because of the potential speed of analysis and the fact that 
they often represent a non-destructive means of analyzing samples. Based on spectroscopy 
technology, it is possible not only to determine the characteristics of a sample surface, but often 
the constituent components beneath a sample surface. 

Typically, in spectroscopic applications an optimal range of wavelengths is selected to 
irradiate a sample, where reflected or transmitted light is measured to determine the 
characteristics of the sample. Some samples, for example, are best analyzed using a near 
infrared spectrum of light while others are optimally analyzed using a range such as visible or 
mid infrared spectrum. 

Many spectral analyzers utilize a narrow spot size to intensely irradiate a sample to be 
analyzed. Illuminating a sample with a highly intense incident light typically results in an easier 
collection of larger amounts of reflected light, thus improving system performance. 
Unfortunately, a narrow spot size can sometimes provide inaccurate measurements because a 
small spot may not be representative of the intended sample, particularly where the sample is 
heterogeneous in nature, such as, for example, grains, seeds, powders or and other particulate or 
suspended analytes. A narrow spot may unduly heat the sample, affecting the nature of the 
spectra. 
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Summary of the Invention 

The present invention relates to spectral analysis systems and methods for determining 
physical and chemical properties of a sample by measuring the optical characteristics of its 
transmitted and/or reflected light. In general, the systems and methods of the present invention 
are useful for examining the spectroscopic characteristics of materials, such as particles or 
liquids, though the systems may be used to characterize other materials such as suspensions of 
particles and even gases. In certain embodiments, the subject system may be used in connection 
with non-uniform material, e.g. consisting of components of different compositions, because the 
system of the present invention does not require the samples to be homogeneous in order to 
achieve reliable results. 

However, in addition to characterizing heterogeneous materials, the subject systems can 
also be used to ascertain whether or when a mixture or a stream of material is sufficiently 
homogeneous or fulfils certain specifications with regard to content and/or particle size. 

One aspect of the invention relates to a probe head for spectroscopic analysis of a sample 
material that minimizes the effects of surface reflection on the spectral analysis of the sample 
thereby improving the spectral analysis. In such embodiments, the invention provides a probe 
system for spectral analysis in industrial, drug manufacturing, chemical and petrochemical 
settings and the like. In one particular embodiment, the probe is used in situations with sample 
materials having a large component of surface reflections relative to light paths passing through 
particles or a bulk of sample material in a diffuse, scattering path. 

In particular, the invention provides a probe head for use with a spectrometer to analyze a 
material, the probe head having: (i) a light source arranged to irradiate a sample volume of the 
material proximate the probe head, which source may be a lamp or other radiation source 
disposed in the probe head, (ii) an optical pick-up, arranged to receive light energy reflected or 
otherwise emitted from the sample in the irradiated sample volume and transmit the emitted light 
to the spectrometer for analysis, (iii) an optical blocking element positioned within the optical 
path between the light source and the optical pick-up to force the optical path into the sample 
volume, and (iv) a reference shutter for selectively blocking light emitted from the irradiated 
sample volume from reaching the optical pick-up to facilitate calibration. The optical blocking 
element can minimize direct surface reflections from the sample or from components of the 
probe head, such as, for example, a sample window positioned in contact with or proximate the 
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material, relative to light passing through and reflecting from the material within the sample 
volume to thereby improve the accuracy of the analysis of the material. The light source may 
provide a suitably broad bandwidth of light for irradiating the sample, and in certain preferred 
embodiments, simultaneously with multiple radiation wavelengths. The light pick-up receives 
light reflected or emitted from a sample being irradiated, and is in optical communication with 
one or more detectors which measure the intensity of the reflected light, e.g., in a wavelength- 
dependent manner. The detector may be located distal to the probe head and the pick-up may be 
an aperture in the probe head connected with an optical fiber or other waveguide that 
communicates light reflected or emitted by the sample to the detector. Alternatively, the detector 
may be proximal to the irradiated sample, e.g., within the probe head, and the pick-up may 
simply be an aperture for permitting light being reflected by the sample to enter the probe head. 
The spectrometer may include one or more signal processing circuits, such as in the form of a 
computation subsystem, for processing signals outputted from the detector. 

In one embodiment, a method of performing spectral analysis comprises the steps of 
irradiating a sample volume of the material with light from a light source, transmitting light 
emitted from the irradiated sample volume to an optical pick up that is optically connected to a 
spectrometer, forcing an optical path between the light source and the optical pick-up into the 
sample volume, and selectively blocking light emitted from the irradiated sample volume from 
reaching the optical pick-up to facilitate calibration of the spectrometer. The step of forcing the 
optical path may include blocking light reflected from a sample window within the optical path 
from reaching the optical pick-up. The step of selectively blocking light may include selectively 
moving a reference shutter into the optical path to block light emitted from the irradiated sample 
volume from reaching the optical pick-up. 

Another aspect of the invention relates to a probe head for use with a spectrometer to 
analyze a material. The probe head may comprise a housing having a first chamber separated 
from a second chamber, a light source disposed in the first chamber and arranged to irradiate a 
sample volume of the material with a plurality of wavelengths of light, a wavelength separator 
disposed in the second chamber, the wavelength separator receiving light reflected from the 
irradiated sample volume to produce spatially separated light of different wavelengths, and a 
detector connected to the spectrometer. The detector is preferably disposed in the second 
chamber and positioned to receive the spatially separated light from the wavelength separator. 
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The detector operates to transmit a signal to the spectrometer representative of the intensity of 
the spatially separated light received from the wavelength separator. 

The first chamber of the housing may include a first window and the light source 
irradiates light through the first window onto a sample volume. Additionally, the second 
chamber of the housing may include a second window and the wavelength separator 
receives light through the second window from the irradiated sample volume. A reflector 
may be positioned in the housing to reflect a portion of light emanating from the light 
source into the second chamber for calibration measurements. The probe head also may 
include a reference shutter for selectively blocking light emitted from the irradiated 
sample volume from reaching the detector to facilitate calibration of the spectrometer and 
a diffiiser for diffusing light reflected from the irradiated sample volume into the 
wavelength separator. 

In certain embodiments the detector of the probe head may have a larger viewing 
aperture, for example, greater than about 0.5 square inches and, preferably, between about 0.5 
square inches and about 10 square inches. Additionally, in certain embodiments, the light source 
may illuminate a larger spot size, for example, greater than about 0.5 square inches, and 
preferably, between about 0.5 square inches and about 10 square inches. 

Another aspect of the invention relates to a probe head for use with a spectrometer that 
facilitates the spectral analysis of a material flowing in a sample containment apparatus, such as, 
for example, grain or other agricultural product flowing in a duct. The probe preferably includes 
a housing that is configured for positioning on a sample containment apparatus to monitor a 
material flowing through the sample containment apparatus. 

As will be understood, there are a wide variety of materials for which the systems and 
methods of the present invention can be used for characterization. Without intending to be 
limiting, exemplary materials include: 

vegetable foods, such a wheat, corn, rye, oats, barley, soybeans, amaranth, triticale, and 
other grains, rice, coffee and cocoa, which may be in the form of whole grains or beans, or a 
ground or comminuted product (analysis for protein, starch, carbohydrate and/or water), seeds, 
e.g. peas and beans, such as soybeans (analysis for protein, fats and/or water), products mainly 
consisting of or extracted from vegetable raw materials, such as snacks, dough, vegetable 
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mixtures, margarine, edible oils, fibre products, chocolate, sugar, syrup, lozenges and dried 
coffee extract ( powder/ granulate), 

animal foodstuffs, such as dairy produce, e.g. milk, yogurt and other soured milk 
products, ice cream, cheese (analysis for protein, carbohydrate, lactose, fat and/or water), meat 
products, e.g. meat of pork, beef, mutton, poultry and fish in the form of minced or emulgated 
products (analysis for protein, fat, water and/or salts) and eggs, which foodstuffs may be present 
in a completely or partly frozen condition, 

fermentation broths, such as alcoholic beverages, e.g. wine or beer, 
fodder, e.g. pellets or dry/wet fodder mixtures of vegetable products, fats and protein- 
containing raw materials, including pet food, 

manure and compost, including composting garbage, grass clippings, 
pharmaceutical products, such as tablets, mixtures, powders, creams and ointments, 
biological samples including, for example, biological fluids such as blood, urine, spinal 
fluid, saliva, etc, and tissue samples, and 

technical substances, e.g. wet and dry mixtures of cement and mortar, plastics, e.g. in 
granular form, mineral materials, such as solvents and petro-chemical products, e.g. oils, 
hydrocarbons and asphalt, solutions of organic or inorganic substances, e.g. sugar solutions, glue 
and epoxies, and 

liquids with light scattering properties in suspension, slurries, fluidized materials 
including both solid and liquid and similar entities. 

The components comprising the systems of the present invention are preferably 
integrated into a single unit, e.g., to create either a portable spectral analyzer or one which is 
readily disposed along a path of a moving material. 

Brief Description Of The Drawings 

The foregoing and other objects, features and advantages of the invention will be 
apparent from the following more particular description of preferred embodiments of the 
invention, as illustrated in the accompanying drawings in which like reference characters refer to 
the same parts throughout the different views. The drawings are not necessarily to scale, 
emphasis instead being placed upon illustrating the principles of the invention. 

Fig. 1 is a schematic illustration of a spectral analyzer, according to the present invention; 
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Fig. 2 is a flow chart depicting a process for measuring absorptivity of a sample 
according to the principles of the present invention; 

Figs. 3 A and 3B are schematic illustrations of an alternative embodiment of an optical 
probe head of the present invention; 

Figs. 4A and 4B are perspective views of one embodiment of the optical blocking 
element of the probe head of Figs. 3 A and 3B; 

Fig. 5 A and 5B are perspective view of one embodiment of the reference shutter of the 
probe head of Figs. 3A and 3B; and 

Fig. 6 is a perspective view of an optical probe head implementing the optical blocking 
element and the reference shutter of Figs. 3A-B and 4A-B, respectively, illustrating the probe 
head with the sample window removed. 

Detailed Description Of Exemplary Embodiments 

Fig. 1 illustrates a probe head 90 for analyzing the constituent or color components of a 
sample 14, in accordance with one exemplary embodiment of the present invention. The probe 
head 90 uses a suitable continuous or pulsed irradiating light source 10. Radiation from the light 
source 10 shines forward through a first window 12 to the surface of a sample 14. The light 
source 10 simultaneously produces light of multiple wavelengths in a region of interest. 
Depending on the application, the present invention supports wavelength analysis in a range of 
UV, visible, and infrared wavelengths. The actual range of light used in a particular application 
depends on the wavelength response of the detector, which is matched with a light source 
capable of emitting such wavelengths. 

The desired range of wavelengths to be analyzed dictates the type of detector used in the 
present invention, which typically is wavelength limited. For example, a fairly inexpensive 
silicon photodiode or charge coupled device (CCD) array is capable of detecting light intensities 
of wavelengths between 400 and 1 100 nanometers. Other detectors optionally used in the 
invention are lead sulfide and lead selenide detectors, which support a response between 1000 to 
3000 nanometers and 3000 to 5000 nanometers respectively. Optionally, other detectors used in 
the invention for near-infrared radiation include silicon, germanium, InGaAs, PMTs (Photo- 
Multiplier Tubes), and microbolometers. 
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The light source 10 is positioned to shine upon the sample 14 to be analyzed. Preferably, 
the light source 10 is a quartz halogen or tungsten filament bulb and is widely available. 

The light source 10 and related components are preferably positioned within a suitable 
housing 1 1. In such an instance, a first window 12 is disposed between the light source 10 and 
the sample 14 to be analyzed. This prevents debris from entering the cavity and obstructing the 
illuminating light source 10. The first window 12 is formed of a suitable material, such as 
sapphire or glass, which is transmissive at the wavelengths of interest, and which does not see a 
significant absorption shift due to temperature changes. Sapphire also resists scratching and, 
therefore, debris brushing against its surface will not damage the window. 

The housing 11, including the enclosed light source 10, first window 12, and other related 
components to be described, is thus positioned to monitor the sample 14 to be analyzed. This is 
accomplished by positioning the housing 1 1 such that light radiating from the light source 10, 
shines through the first window 12 onto the sample 14. 

The housing 1 1 can be positioned such that the first window 12, as well a second window 
13, contact an observation window 15, which may be a part of a preexisting window in a sample 
containment apparatus, e.g. an observation window in a vat, bin, conveyance, or the like. 
Alternatively, the first window 12 and the second window 13 may be positioned directly within 
an aperture formed in the sample containment apparatus, eliminating the need for the observation 
window 15. 

A parabolic mirror or reflector 17 may be disposed within the light source cavity to direct 
light from the light source 10 to the sample 14 being analyzed. In the preferred embodiment, the 
light emanating from light source 10 is either collimated or focused to enhance the intensity of 
the light reflected off the sample. However, a lens 20 may optionally provide a means of 
additionally focusing or de- focusing the light into a more or less intense beam. In other words, 
the irradiated light shining on the sample 14 is optionally focused to enhance the source. 

In an alternate embodiment, more than one light source 10 can be used, such as an array 
of e.g., semiconductor lasers or light emitting diodes, preferably focused on the same point in the 
sample. Alternatively, an arrangement of bulbs or other light sources may be employed, such as, 
for example, a ring of tungsten filament bulbs or quartz halogen bulbs. 
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It is preferred that the light source 10 be placed such that it directly illuminates the 
sample 14 to be analyzed through the first window 12 with no fiber optic or other device other 
than the first window 12 itself being disposed between the light source 10 and the sample 14. 

In a preferred embodiment, the illumination spot size from the light source 10 onto the 
sample 14 is approximately 1 to 3 inches in diameter, creating a spot of light between 0.5 and 10 
square inches. Effectively, the incident light 48 shines through the first window 12 onto the 
sample 14 to produce reflected light 49 directed towards the second window 13 and an analysis 
chamber where light intensities are analyzed. Such a wide illumination spot size and 
corresponding viewing aperture is preferred because it results in more accurate measurements of 
the sample 14 to be analyzed. This is due to the fact that small inhomogeneities relative to the 
larger spot size within a sample region are typically negligible with respect to the whole. In other 
words, the wider spot size produces a better averaging effect because a potential inhomogeneity 
in a sample is not at the focus of the illumination spot. 

Without a wide viewing aperture, colorimeter and constituent measurements based on 
small spot sizes can produce inaccurate results if the operator of such a device erroneously takes 
a sample measurement of an inhomogeneity in the sample not representative of the whole. For 
example, a small black spot on a dark blue background barely detectable by the naked eye could 
fool an operator that the color of the sample is black rather than blue. The above-described 
probe embodiments help to reduce erroneous colorimeter measurements by advantageously 
including a wider illumination spot size and viewing detector to support the aforementioned 
color averaging effect. 

Spectral analyzers available in the market often incorporate costly optical hardware for 
receiving the light reflected off a sample and directing it to an optical detector located at a 
distance. To view even a small spot with these systems requires a high intensity light source. 
This method of using optical hardware to redirect the reflected sample light 49 limits the spot 
size to a narrow diameter because the reflected light must be focused into a small fiber optic 
cable. 

The exemplary embodiment described, on the other hand, advantageously positions a 
detector 52 with a wide viewing aperture located in a second chamber 65 immediately adjacent 
the first chamber 68 to receive the reflected sample light 49. This can eliminate the need for 
costly fiber optic hardware because received light no longer needs to be directed to a detector at 
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a remote location. Rather, reflected sample light 49 naturally strikes a detector 52 located 
immediately in the second chamber 65. To match the performance of the present probes, a fiber 
system would require a very large fiber bundle for redirecting reflected sample light to a remote 
detector. 

Although a wider viewing aperture and spot size is preferred, one skilled in the art, 
however, will appreciate that alternative sizes for the viewing aperture and/or the spot size, 
including smaller sizes, may be employed without departing from the scope of the present 
invention. 

An optical blocking element 70 also serves to separate the first and second windows 12 
and 13 and to force the optical path of the light source 10 and the detector 52 into the sample 14. 
In this manner the incident light 48 and the sample light 49 intersect within the sample 14 and 
thereby discriminate against (i.e., prevent) direct surface reflection by inhibiting light directly 
reflected from the first window 12 and from the surface of the sample at the window 12 from 
reaching the detector 52. 

Eliminating the fiber optic pickup and associated fiber optic cables has advantages in 
addition to enabling the use of a wider illumination spot size. Typically, fiber optic cables have 
a limited transmission bandwidth. Hence, when they are used to steer reflected light to a detector 
located far away, the spectral range of directed light is limited to the transmission bandwidth of 
the cable. Moreover, the use of fiber optic cables is further prohibitive because the fiber optic 
cables supporting the wavelengths of mid infrared are particularly expensive and have large 
throughput losses associated with them. In some cases, just a few meters of this type of cable 
can be more than a thousand dollars. The exemplary probe head 90 illustrated in Fig. 1 is not as 
bandwidth limited nor burdened with unnecessary additional cost because it need not incorporate 
any fiber optic cables to transmit light. 

The use of a fiber optic cable to transmit the reflected sample light 49 is additionally 
undesirable because the integrity of the optical signal within a fiber optic cable is susceptible to 
heat distortion and mechanical vibrations. This is especially true when the fiber optic cable 
supports the transmission of light in the infrared region. Both the heat distortion and mechanical 
vibrations, particularly prevalent in a portable device, negatively impact the integrity of the mode 
structure of the optical signal used to detect constituents in a sample. By placing the detector 52 
in a second chamber 65 immediately adjacent the light source 10 without incorporating an 
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optical fiber in the reflected sample light path 49, the probe head 90 advantageously avoids the 
aforementioned problems. 

The probe described above replaces the small fiber, which typically has an aperture area 
of less than 1 square millimeter, with a large viewing aperture of typically 0.5 to 10 square 
inches. This allows for viewing large fields of view with low light intensities. With additional 
optics, the aperture size can be adjusted to create a variable field of view and allows a large 
sample to be imaged from a distance. 

Continuing to refer to Figure 1, light emitted by the light source 10 passes through the 
first window 12 into the sample 14 to be analyzed. Incident light 48 from light source 10 then 
reflects off the sample 14, where the reflected sample light 49 is angularly directed back through 
second window 13. 

In a preferred embodiment, the angle of the light source 10 and detector unit 52 in the 
second chamber 65 are optimized so that most of the reflected sample light 49 is directed to the 
second chamber 65 for spectral analysis of the sample 14. For example, the light source 10 may 
be optimally angled at approximately 60° relative to the first window 12 while the detector unit 
52 in the second chamber 65 may be angled at approximately 60° relative to the second window, 
as shown in illustrative Fig. 1. 

The first and second window 12, 13 are preferably parallel and in the same plane as 
shown. However, other embodiments optionally include windows that are positioned at an angle 
with respect to each other, while the first and second chamber 65, 68 are still positioned adjacent 
to each other. 

The second chamber 65, as mentioned, includes optical devices for detecting the reflected 
sample light 49. Specifically, the reflected sample light 49 passes through the second window 13 
into the second chamber 65 where it is spectrally analyzed. Diffuser 59 acts to scatter the 
reflected sample light 49, spatially distributing the intensity of the light throughout the second 
chamber 65 for more accurate simultaneous spectral readings and to prevent imaging of the 
sample. For example, reflected sample light 49 of various wavelengths is more evenly 
distributed throughout the second chamber 65. Otherwise, high intensity light regions caused by 
reflected sample light 49 results in less accurate constituent measurements due to imaging 
effects. 
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Hermetically sealed chamber 46 may be positioned in the second chamber 65 to receive 
reflected sample light 49. An optically transmissive third window 60 allows diffused light 
emanating from the diffuser to shine onto wavelength separator 50 and array detector 52 (e.g., 
CCD), both of which are positioned within the hermetically sealed chamber 46. This airtight 
chamber protects sensitive optical components from corrosive and measurement-inhibiting 
elements such as humidity and dust. Without the hermetically sealed chamber 46, a buildup of 
dust and other debris on the detection unit 52 and wavelength separator 50 will negatively effect 
constituent measurements. It should be noted that all, none or part of the second chamber 65 is 
optionally designed to be hermetically sealed. 

The wavelength separator 50 within hermetically sealed chamber 46 in a preferred 
embodiment provides spatial separation of the various wavelengths of diffusely reflected light 
energy of interest. Suitable wavelength separators 50 include linearly variable filters (LVF), 
gratings, prisms, interferometers or similar devices. The wavelength separator 50 is preferably 
implemented as a linearly variable filter (LVF) having a resolution (AAA, where X is the 
wavelength) of approximately one to four percent. 

The now spatially separated wavelengths in turn are fed to the detector 52. The detector 
52 is positioned such that it simultaneously measures the response at a broad range of 
wavelengths. In the preferred embodiment, the detector 52 is an array of charge-coupled devices 
(CCDs), which individually measure the light intensity at each of the respective wavelengths. In 
other words, each cell of the CCD array is tuned to measure the intensity of an individual 
bandpass of light. 

Other suitable detectors 52, however, can be constructed from fast scan photodiodes, 
charge injection devices (CIDs), or any other arrays of detectors suitable for the task of 
simultaneously detecting the wavelengths of interest. 

In a preferred embodiment, the detector 52 is a silicon CCD array, such as a Fairchild 
CCD 133 A available from Loral- Fairchild or a similar silicon CCD array available from 
Reticon. This CCD array 52 is a 1,024-element array processing wavelengths in the range from 
about 570 to about 1 120 nm. As mentioned, other detectors supporting different bandwidths are 
optionally used. 

In addition, the detector 52, such as a CCD array, is typically temperature sensitive so 
that stabilization is usually preferred. Cooling is achieved using a thermoelectric cooler. 
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The preferred embodiment of the present probe also includes a reflector 22 disposed in 
the first chamber to reflect reference photons 23 to the wavelength separator 50 and detector 52 
positioned in the second chamber 65 depending on the position of the light blocking shutter 19, 
discussed below. The reflector 22 is preferably fixed such that repeated measurements are based 
upon the same reference light intensity. 

A light blocking shutter 19 is provided to selectively allow the appropriate light to flow 
into the second chamber 65. Shutter 19 controls the passage of either sample light 49 into the 
second chamber 65, or the passage of reference light 23 reflected off reference light reflector 22 
into the second chamber 65. The second shutter 19 can also be used to block all incoming light 
for measuring a "dark" reference signal. Shutter 19 can also be implemented as a dual shutter 
mechanism, as will be understood by one of skill in the art. 

Control electronics and shutter motor 18 located adjacent to the second chamber 65, 
provide a mechanism for controlling light into second chamber 65. Shutter position commands 
are received via electronic signals transmitted by controller 35 residing in the electronics block 
30. 

Light blocking shutter 19 is appropriately positioned for each of three measurements. A 
first measurement involves blocking both the reflected sample light 49 and reference photons 23. 
This reference measurement of the "dark" second chamber 65 serves as a means of calibrating 
the detector unit or array 52. A second measurement involves blocking the reflected sample light 
49 and measuring the reference photons 23. This measurement serves to calibrate the system to 
the light source 10. Finally, a third measurement involves blocking the reference rays 23 and 
measuring the reflected sample photons 49. Details of the measurements and related 
computations are further described in Fig. 2. 

The electronic signals 27 are bundled together in a wire harness 28 connecting the probe 
head housing 1 1 and electronics block 30. In a practical deployment of the probe head 90, it is 
preferred that the electronics block 30 be as close as possible to housing 11. However, in some 
applications it may be preferable to separate the probe head 90 and electronics block 30. 

The electronics block 30 includes an analog to digital converter 33, a constituent 
computation function 34, a controller 35, and a display interface 36. In the preferred 
embodiment, the computation function 34, controller 35 and display interface 36 are 
implemented as software in a computer, microcontroller, microprocessor and/or digital signal 
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processor. Electronic signals 27 in wire harness 28 provide connectivity between the electronics 
in the probe head housing 1 1 and the electronics block 30. 

As mentioned, one application of the systems of the present invention involves mounting 
the electronics block 30 in a shielded environment, such as a cab, while the probe head 90 is 
mounted in a position to detect the sample 14 to be analyzed. Therefore, based on this 
separation, the electronics are designed to ensure that signal integrity does not suffer because of 
the length of the wire harness 28. For example, the electronic signals 27 within wire harness 28 
are properly shielded to prevent excess coupling noise, which may deleteriously effect AID 
readings of the CCD array detector 52. The controller 35 coordinating the A/D sampling 
process, as mentioned, controls the shutter mechanisms positioned in the second chamber 65 for 
the various spectral measurements. 

The individual electrical signals provided by the CCD for each wavelength are then fed 
from the output of the detector 52 to analog to digital converter 33 where the electrical signals 
are converted to digital signals for processing. 

A computation block 34, preferably implemented in a microcomputer or digital signal 
processor as described above, then carries out calculations on the basis of the received 
wavelength intensities to obtain either the color characteristics or percentage concentrations of 
constituents of the sample 14. The results of the sample analysis are then communicated to an 
operator in any desired way such as by a meter or presenting them to a display. The display is 
optionally integral to a laptop computer or display, such as an LCD, on or near the electronics 
block 30 or probe head 90. The computation block may be part of the electronics block 30 or 
may be physically separated from it. 

In one exemplary embodiment, the electronics block 30 and probe head 90 are integrated 
to produce a handheld portable spectral analyzer. This embodiment is particularly beneficial in 
colorimeter applications that require analyzing the sample in a fixed location such as a home 
where, for example, wallpaper or paint is fixed to a wall. Based on its portability, the analyzer is 
easily maneuvered to test samples in awkwardly tight spaces. Additionally, because of its small 
size, it is less likely to be damaged or dropped during transit or use. 

The analyzer may also support calculating constituent concentrations in samples such as 
grain. Techniques for calculating percentage concentrations of grain based upon samples of light 
and particular wavelengths include the multi-variate techniques detailed in the book by Sharaf, 
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M.A., Illman, D.L., and Kowalski, B.R., entitled "Chemometrics" (New York: J. Wiley Sons, 
1986). 

Preferred wavelengths of interest depend upon the constituents being measured. For 
example, when measuring protein concentration, the methods make use of absorptance 
attributable to the vibration-rotational overtone bands of the sub-structure of protein. At longer 
wavelengths absorption coefficients are large, the path length is short, and thus one would not 
sample the interior of the grain particles. At shorter wavelengths the absorption coefficients are 
small and the signal is thus weak. 

The probe head 90 provides for irradiation of the sample followed by spatial separation 
and detection of multiple wavelengths in parallel, making for rapid analysis of this sample. 
Moreover, since the optical portions of the unit are substantially insensitive to vibrations, the 
probe head 90 may be deployed in environments where real time analysis of samples is 
performed in harsh environments. 

Furthermore, the use of the CCD array as detector unit 52 provides advantages over prior 
art techniques that use discrete or scanned diode arrays. In particular, the CCD bins are all filled 
with charge at the same time in parallel with one another. They are then emptied and the results 
read out by the controller 35 are processed while the CCD array begins filling again. Based on 
sampling over a time period, each pixel or bin detects reflected light intensities off the sample 
over the same time interval. This is particularly important if the sample happens to be moving 
across the viewing region of the device. In contrast, diode arrays must be read sequentially so 
that for example, any given element is producing a signal from the sample that is distinct from 
those seen by previous pixels. 

The signal to noise ratio of the probe head 90 measurements may be improved by 
averaging over the course of many measurements. 

One exemplary absorption measurement includes the following process illustrated in Fig. 

2: 

1 . Block both the sample reflection light and reference light from the 
wavelength detector unit (step 201) 

2. Perform a reading on the wavelength detector unit, storing measurement 
data in D for dark spectrum (step 202). 
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3. Block the sample reflection light and allow reference light to shine on 
wavelength detector unit (step 203). 

4. Perform a reading on the wavelength detector unit, storing measurement 
data in R for reference light spectrum (step 204). 

5. Block the reference light and allow sample reflection light to shine on 
wavelength detector unit (step 205) 

6. Perform a reading on the wavelength detector unit, storing measurement 
data in S for sample spectrum (step 206). 

7. Calculate the absorptance spectrum A, where the light absorption as 
derived from these diffuse reflectance measurements is given by: 

A = LOGio (R-D/S-D) (step 207). 

8. The process may repeat as needed (step 208) 

P 

]^ Further data processing therefore may provide a second derivative of absorptance 

W spectrum A to remove constant and linear offsets so that only quadratic and higher order features 

|\j in the absorptivity spectrum are utilized in the determination of protein content. In addition, 

i. a 

p since the absorptivity variations from the presence of protein are quite small, multiple 

* ! realizations, averaging, and second derivative analysis are typically used to produce the desired 

□ 

qj absorptivity number at a particular wavelength. 

An alternative embodiment of a probe head for use with a spectrometer to analyze 

p material is illustrated in Figs. 3 A and 3B. The probe head 501 is particularly useful for 

analyzing materials having diffuse reflecting properties such as powders, slurries, etc. The probe 
head 501 includes a light source 540 for irradiating a sample volume of the material 510 
proximate the probe head 501 through a window 530 formed in the probe head 501. The light 
source 540 may be a lamp or other radiation source disposed in the probe head 501, or it may be 
the radiant end of an optical fiber or other waveguide delivering light from a source distal to the 
probe head 501. Alternatively, more than one light source 540 may be used, such as an array of 
e.g. semiconductor lasers or light emitting diodes or an arrangement of lamps or other light 
sources, such as, for example, a ring of tungsten filament bulbs or quartz halogen bulbs. The 
window 530 may be formed of a suitable material, such as sapphire or glass, which is 
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transmissive at the wavelengths of interest, and which does not allow for a significant absorption 
shift due to temperature changes. 

The probe head 501 may also include an optical pick-up, such as, for example an optical 
fiber 590, arranged to receive light emitted from the sample in the irradiated sample volume and 
transmit the received light to, for example, a spectrometer, for analysis. The optical fiber 590 
may be a single fiber or a multiple fiber bundle capable of both incoherent and coherent waves. 
The optical fiber 590 may be made from quartz, glass, plastic or other transmitting materials. 
Preferably, the optical fiber 590 has a numerical aperture of 0.2 to 0.5. Optionally, the optical 
fiber 590 can be hollow, with adequately reflecting walls. Alternatively, the optical fiber 590 
may be replaced in situ by a detection system, such as, for example, in the manner of the probe 
head described above in connection with Fig. 2. 

The probe head 501 may be constructed out of metals such as stainless steel, steel or 
aluminum; or made from moldable and durable plastic; or other materials. The materials may be 
translucent, transparent, or opaque and may be chosen for ease of cleaning and maintenance. 
The probe head 501 can also be constructed of material that optimizes the appropriate 
measurements of the sample material. The exterior surface 503 of the probe head 501 may be 
geometrically shaped to optimize the probe measurements. 

The exemplary probe head 501 may also include an optical blocking element 550 
positioned in the optical path between the light source 540 and the light collecting optical fiber 
590. The optical blocking element 550 forces the path of light into the material 510 thereby 
reducing error due to surface reflection and increasing the signal to noise ratio of the spectral 
analysis. The optical blocking element 550 is opaque and preferably is in contact with or 
effectively splits/bifurcates the window 530. The optical blocking element 550 may be 
constructed out of metals such as stainless steel, steel or aluminum; or made from moldable and 
durable plastic; or other opaque materials. In one preferred embodiment, the optical block 
element 550 is biased into contact with the window 530 by spring loading, via a spring 555 or by 
other biasing mechanisms. 

A typical, theoretical light path 545 is shown in Fig. 3 A to illustrate an optical path of 
light into and reflected from the material 510 during data collection. The optical block element 
550 effectively minimizes the direct surface reflection from the window 530 or the material 510 
by blocking such direct surface reflection from reaching the optical fiber 590. In this manner, 
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the allowed optical paths, including theoretical optical path 545, originates from light source 540, 
undergoes diffusive transport in the material 510, and is collected and transported within the 
numerical aperture of the optical fiber 590. 

The probe head 501 may include a reference shutter 520 for calibrating or re-normalizing 
the spectrometer, in particular the signal processing algorithm of the spectrometer, to account for 
any signal changes relative to previous calibrations of the spectrometer. The reference shutter 
520 includes a reflective surface 522 having a reasonably uniform value of reflectance over the 
wavelength of interest. To be effective for calibration, the reflectance value of the reflective 
surface preferably remains unchanged with regards to time, temperature, usage, etc. The 
reflective surface 520 may be made out of, or coated by, stable reflective materials such as gold, 
white ceramics, Spectralon®, stable white paint, and other such materials. 

The reference shutter 520 is movable between an open, measurement position, illustrated 
in Fig. 3 A, and a closed, calibration position, illustrated in Fig. 3B. In the open, measurement 
position, the reference shutter 520 is positioned out of the optical path between the light source 
540 and the optical fiber 590 to facilitate spectral analysis of the material 510. In the closed, 
calibration position, the reference shutter 520 is positioned in the optical path between the light 
source 540 and the optical fiber 590 to effectively block light from the sample material 510 from 
reaching the optical fiber 590. As shown in Fig. 3B by illustrative, theoretical optical path 557, 
light from the light source 540 reflects off the reflective surface 522 to the optical fiber 590. The 
reference shutter 520 may be moved between the closed and open positions by a rotary solenoid, 
or by other electromagnetic, electromechanical, or mechanical mechanisms. 

During calibration of the system, it is preferable that the optical blocking element 550 be 
moved away from the window 520 to allow the reference shutter 520 to move into the closed 
position, as illustrated in Fig. 3B. Preferably, the optical blocking element 550 is moved a 
distance from the window 520, e.g., gap G in Fig. 3B, such that sufficient light from the light 
source 540 can reflect from the reflective surface 522 of the shutter 520 and reach the optical 
fiber 590 at an angle within the numerical aperture of the optical fiber 590. The optical blocking 
element 550 can be moved towards and away from the window 530 by a rotary solenoid, or by 
other electromagnetic, electromechanical, or mechanical mechanisms. Alternatively, the 
movement of the optical blocking element 550 can be mechanically coupled to the movement of 
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the shutter 520, as discussed below, such that separate movement mechanisms, e.g. solenoids, for 
the optical blocking element 550 and the shutter 520 are not necessary. 

Figs. 4-6 illustrate an exemplary, preferred embodiment of the probe head 501. Figs. 4A 
and 4B, illustrate a preferred embodiment of the optical blocking element 550. The exemplary 
optical blocking element 550 includes a blocking surface 554 for contacting the window 530 and 
a cylindrical housing 556 for attachment to the optical fiber 590. The cylindrical housing 556 
includes an opening 558 for allowing light to enter the cylindrical housing and reach the optical 
fiber 590. Spring 555, as shown in Fig. 6, can be seated about the exterior of the housing 556 to 
bias the blocking surface 554 into contact with the window 530. The blocking surface 554 is 
sized and shaped to effectively block light directly reflected from the window 530 and the 
surface of the sample material 510. In particular, the width A of the blocking element 550, 
illustrated in Fig. 4 A, is preferably optimized for the material 510 being probed and for the 
position of the light source 540 and the optical fiber 590 within the probe head 501, to minimize 
and, preferably completely block, light directly reflected from the window 530 and the surface of 
the material from reaching the optical fiber 590. 

The optical blocking element 550 may include an arm 564 extending perpendicularly 
from the longitudinal axis of the housing 556, and thus, the optical fiber 590, and is provided to 
contact a camming surface of the shutter 520 to facilitate linear movement of the optical 
blocking element 550 when the reference shutter 520 is moved into the closed position, as 
discussed in more detail below. A second arm 562 may be included to be contained within a slot 
within the probe head 501 to prevent axial rotation of the optical blocking element 550. 

An exemplary embodiment of the shutter 520 is illustrated in Figs. 5A and 5B. The 
exemplary shutter 520 is configured for rotational movement about a rotation axis 572. The 
shutter 520 includes a cylindrical hub 574 that can be coupled to a rotary solenoid and an arm 
576 that extends from the hub 574 in a direction perpendicular from the hub 574. The arm 576 is 
generally planar in shape and includes the reference surface 522 formed at the end distal from the 
hub 574. The reference surface 522 of the shutter 520 can thus be rotated about the rotation axis 
572 between the open and closed position. 

A camming arm 578 is provided proximate the reference surface 522 and extends 
generally perpendicular to the longitudinal axis of the arm 576. The camming arm 578 includes 
a camming surface 582 for engaging the arm 564 of the optical blocking element 550 in a 



20/467548.1 



- 18- 



TXY-00801 



camming relationship. As the shutter 520 rotates the reference surface 522 from the open 
position, illustrated in Fig. 3 A, to the closed position, illustrated in Fig. 3B, the camming surface 
582 engages the arm 564 of the optical blocking element 550 to move the blocking surface 554 
out of contact with the window 530. Thus, the camming surface 582 translates the rotational 
motion of the shutter 520 into axial motion along an axis generally perpendicular to the window 
530. 

While this invention has been particularly shown and described with references to 
preferred embodiments thereof, it will be understood by those skilled in the art that various 
changes in form and details may be made therein without departing from the spirit and scope of 
the invention as defined by the appended claims. Those skilled in the art will recognize or be 
able to ascertain using no more than routine experimentation, many equivalents to the specific 
embodiments of the invention described specifically herein. Such equivalents are intended to be 
encompassed in the scope of the claims. 
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